ABSTRACT This paper proposes a novel sliding mode control (SMC) strategy for load frequency and voltage control in a complex power system under electrically faulty conditions. The load frequency regulation is achieved by changing the valve position of generators, while the bus voltage regulation is realized with the utilization of a popular FACTS device, Static Var Controller. Inter-area tie-line power is taken into consideration in the load frequency control so as to maintain the obligations of importing/exporting active power from/to connecting areas. The proposed control method thus operates in a quasi-decentralized manner, utilizing local frequency and voltage signals, as well as inter-area tie-line power information. An improvement is then made to the originally proposed SMC scheme to suppress its inherent fluctuations. The proposed enhanced SMC is easy to implement, and compared with conventional PI controllers, it produces superior performances in regulating frequencies and magnitudes of bus-bar voltages.
I. INTRODUCTION
Frequency deviations of bus-bar voltages in multi-area interconnected power systems during electrical disturbances have become one of the major concerns in the analysis of interarea oscillations [1] . Numerous research papers have dedicated to load frequency control design so as to reduce the impact of frequency deviations on generators in power systems. For instance, in [2] a novel quasi-decentralized functional observer is devised and implemented for the regulation of load frequency under electrical disturbances, which has shown a faster response time and lower computational cost compared to conventional PI control schemes. In [3] , a compound control strategy is proposed for frequency regulation of source-grid-load systems. Unscented Kalman Filter is utilized in [4] to realize the load frequency control for power systems with traditional synchronous generators. In [5] , the authors analyzed a decision-tree-based methodology to reduce a specific amount of active power dispatch, so as to mitigate over-frequency situations. More relevant work in recent years can be found in [6] and references therein. Voltage deviations have also been considered as a critical issue for power system stability. Static Var Compensator, a popular FACTS devices, has been widely utilized to provide voltage support and enhance power system dynamic stability [7] . Most recent relevant literatures have related SVC to the oscillatory inter-area stability improvement. In [8] a coordinated on-load tap changer (OLTC) and SVC voltage regulator is proposed and applied in PV-integrated unbalanced distribution system. Other recent work relating to SVC can be found in [9] and references therein.
Sliding mode control is a variable structure, nonlinear control method that alters system dynamics by applying a discontinuous control signal that forces the system to slide along the normal behavior [10] . SMC has been widely used in distinct systems so as to achieve various control purposes. In [11] , a DSP-based SMC strategy is proposed for electromagnetic levitation precise position system. Authors in [12] have proposed a novel SMC scheme to tackle the speed regulation problem for permanent magnet synchronous motor servo system. More recently, a new continuous dynamic SMC method is proposed in [13] for high-order mismatched disturbance attenuation in motion control systems, and in [14] , an optimized SMC strategy is designed to maximize existence region for single-phase dyna mic voltage restorers where an optimal sliding coefficient has been proven to exist which best enlarges the existence region. For more recent work in SMC applied to power system control methods, see [15] - [18] .
In this paper, a novel sliding mode control logic is proposed and implemented to perform frequency and voltage regulations. The frequency regulation is performed with valve position control on selected generators, considering frequency deviations of selected local bus-bars and also tieline power abnormalities during external disturbances. The voltage regulation, on the other hand, is achieved using decentralized SMC-based SVC with the consideration of selected local bus voltage magnitudes. An improvement is made to suppress the chattering that inherently exists in the originally proposed SMC strategy. Two distinct scenarios in the case study will provide cogent evidence that the proposed SMC scheme can effectively provide stability enhancements for the frequency and magnitude of bus-bar voltages.
The rest of the paper is organized as follows. The proposed SMC is analyzed and proven in Section II. In Section III, a complex power system network with proposed frequency and voltage regulation schemes are presented. A case study considering two distinct scenarios are investigated in Section IV where proposed control schemes are implemented, compared and analyzed. In Section V, a conclusion is drawn.
II. PROPOSED SLIDING MODE CONTROL SCHEME
For the purpose of devising a SMC scheme, a general system is described below,ẋ
where f (·) is a nonlinear continuous function, u(t) is the control input, z(t) is the output state vector and r is a known matrix. The control input u(t) satisfies the following constraint,
where C m < C M are given values. A switching function is thus given as follows,
We assume that any solution x(t) of the system (1), (2) always belongs to some bounded closed region B. Then the following assumption can be made.
Assumption 1:
For all x ∈ B and t 1 ≤ t ≤ t 2 , the following inequalities hold,
To make the output z(t) as close as possible to a given level c 0 , the following controller is proposed,
where δ > 0 is a given time step. We define the steady state error e ss (δ) as follows,
The control law (4) belongs to the category of sliding mode controllers, see e.g. [19] . Now the following theoretical result can be presented. Proposition 1: Suppose that Assumption 1 holds. Consider the system (1), (2) with the sliding mode controller (4) . Then the steady state error (5) satisfies 
for all x ∈ B. It is also clear thaṫ
for all solutions of the system (1). This and (7) imply that the output z(t) is always decreasing when u(t) = C M and it is always increasing when u(t) = C m . Furthermore, (7) implies that
Moreover, it also follows from (7) that
∀τ ∈ [t, t + δ). Now it follows from the equations (4), (9) and (10) that the controller (4) steers the output z(t) to the interval [c 0 − Dδ, c 0 + Dδ] and keeps it in this interval. Therefore, e ss (δ) ≤ Dδ. This obviously implies (6) and completes the proof of Proposition 1.
Since possible chattering may exist in the proposed SMC scheme due to its intrinsic characteristics, sliding mode control approximation technique [20] is utilized here to suppress possible chattering induced by a sliding mode controller. Now ε := |z(kδ) − c 0 | − |z((k − 1)δ) − c 0 | be the innovation error and let > 0 be a given small positive value. VOLUME 5, 2017 We introduce a piecewise linear saturation function s (ε) as follows,
Furthermore, introduce the function G [u] as follows:
To handle the chattering, the improved sliding mode controller can be written as:
It is obvious that the controller (13) is reduced to the controller (4) if = 0. The value of determines the performances of chattering suppression.
III. POWER SYSTEM AND CONTROL STRATEGIES
In this section, a general discussion of the proposed SMC for power systems is first presented. Then detailed descriptions of the frequency and voltage regulation schemes are investigated and illustrated. 
A. DESCRIPTION OF POWER SYSTEMS WITH FREQUENCY AND VOLTAGE REGULATION STRATEGIES
Consider a Q-area, n-generator, N -bus, interconnected power system. Suppose the frequency of generator bus g and the voltage magnitude of load bus m in area L are to be controlled during external disturbances. The conceptual representation of the overall control strategy is illustrated in Fig. 1 . Frequency control is realized by changing the valve position so as to let more or less steam pass through to the turbine, which leads to a compensating effect on the frequency deviation of generator g. In order to make area L fulfill its obligations of importing/exporting scheduled active power from/to outer areas under unusual circumstances, tie line power oscillations are also taken into consideration. In order words, the valve position control will regulate the deviations of both frequency and tie line power [2] . For detailed explanations on valve positions, refer to [21] . Specifically speaking, when a sudden increase or decrease in active power demand occurs, the frequency of the voltage of bus g, denoted as w g will deviate from the system nominal frequency w s and settle to a new steady state value over time. Moreover, the total active power exported/imported from/to area L, denoted as P tlpL will start deviating from the scheduled export/import amount P sch tlpL and eventually settle to a new steady state value. The goal of the control strategy is to use the conventional PI and proposed SMC controllers to regulate both variables and make them settle to their nominal values acquired in normal working conditions. Similarly, on the voltage control front, when a sudden change in reactive power demand occurs, the magnitude of the bus-bar voltage will diverge from its nominal value and settle down to a new steady state level. To regulate the voltage, a popular FACTS device, SVC is utilized with proposed PI and sliding mode control strategies. In the next two subsections, both frequency and voltage regulation schemes are presented in detail with PI control and SMC strategies.
B. GENERATOR DYNAMIC MODEL AND VALVE POSITION CONTROL SCHEMES
Suppose all n generators have the same basic dynamical characteristics. The differential equations for i th generator are shown as follows [2] ,
for i ∈ {1, 2, · · · , n}, where P Li and Q Li are the active and reactive power demand of generator bus i.
Another two sets of algebraic equations are needed to complete the dynamical descriptions of the entire power system. The first algebraic equation set relates the generator stators to their bus-bars, which is shown as follows [21] , [22] ,
for i ∈ {1, 2, · · · , n}, while the second algebraic equation set describes power balance in the power system that realizes the connection of bus-bars. For generator buses, the following active and reactive power equations hold [2] , [21] ,
for i ∈ {1, 2, · · · , n}, where P Li and Q Li are active and reactive power demands of bus-bar i, Y ik and α ik are respectively the magnitude and angle of the (i, k) element of the admittance matrix (Y matrix) of the power system. For load buses, the following power balance equations can be obtained,
for i ∈ (n + 1, . . . , N ). For detailed derivations of the equations and formulations of general power systems with synchronous generators, see [2] and references therein.
Valve position control is a popular method of speed governance, which is designed to change the valve position based on the input control signals so as to regulate the main piston to generate an increase or decrease in the amount of steam that passes to the turbine blade, which then makes the generator produce more or less mechanical torque [21] , i.e., to change T M in equation (14) . The following equations are adopted to model the dynamical relations of the valve position and the mechanical torque of generator g,
where ω s is the synchronous frequency of the grid, T CHg and T SVg are time constants, P SVg represents the power for a specific valve position, R Dg is droop constant and P CVg is the control signal that drives the change of the output mechanical power. Under normal steady operating conditions, apparently P SVg = T Mg , ω g = ω s and P CVg = P SVg = T Mg . Our goal is to appropriately construct the control signal P CVg considering frequency and tie-line power deviations, using proposed controllers. For PI control strategy, as shown in Fig. 2 (A) the control signal P CVg for generator g in area L can simply be formed with the following equations,
where P ini CVg is the initial value of the valve control signal of generator g, P tlpL and P sch tlpL denote the total export/import active power of area L and its scheduled value, K fpg and K fig are the proportional and integral gains for the frequency feedback signal and K ppg and K pig constitute proportional and integral gains for the tie-line power feedback signal.
For the proposed SMC strategy, which is demonstrated in Fig. 2 (B) , the control signal P CVg for generator g in area L is constructed with the following equations,
where K gov sg is the SMC gain in the valve position control and C gov sg is the control signal generated by the proposed SMC logic.
C. SVC CONTROL SCHEMES
SVC is a thyristor controlled, automated impedance matching device that can be used to regulate transmission voltage, as well as to improve power quality of loads [7] . The voltage regulation is achieved by providing or absorbing reactive power to or from the bus-bar to which SVC is connected The schematics of SVC operating principles and the proposed SMC model are shown in Fig. 3(A) and (C). In order to make comparisons, a PI control scheme is also proposed and shown in Fig. 3(B) . Suppose SVC is connected to the bus-bar m, where the bus-bar voltage needs regulating.
As shown in Fig. 3 , the entire mechanism of the SVC results in an equivalent susceptance B SVC eqm , which is the key element in the overall SVC system. By varying the firing angle α SVC m , B SVC eqm can either be capacitive or inductive, which in turn either provides or absorbs reactive power to or from the bus-bar or transmission line to change the voltage and reduce the difference between V ref m and V m . When V m reaches V ref m , the firing angle stops changing and the system reaches equilibrium. The schematic of SVC is adopted and modified from [23] . The following equations are used to describe the dynamical behavior in the proposed PI controllers for SVC, For the SMC-based SVC, after obtaining the control signal C SVC sm from SMC logic, similar equations can also be acquired as below,
Then the equivalent susceptance of and the reactive power generated or absorbed by the SVC mechanism can be obtained with the following equations, = C m = 0, P CVg increases and T Mg will increase accordingly over time, which renders the mechanical torque provided greater than what is required in the grid and thus generates an increased frequency ω g . One can deduce the opposite result when C gov sg = 1. Therefore, Assumption 1 is met. Similar ratiocination can be used for the SMC-based SVC and one can notice that Assumption 1 is also satisfied. In this case study, a modified IEEE Standard New England 16-generator, 68-bus test system is considered, which is shown in Fig. 4 , where all generators are equipped with IEEE type DC1A excitation system. All the load data are adopted from [24] . The simulation lasts for 150 seconds. During the first 3 seconds, the entire system works at steady state and all control schemes are not activated. When t = 3s, an electrical fault happens and controllers are activated to maintain the stability of frequencies and voltage magnitudes of selected bus-bars. Two scenarios are considered in this case study, (i) a decreased active power demand on bus 23 and P 23 = −2 p.u. and (ii) an increased active and reactive power load demand on bus 23 and P 23 = 1.5 p.u., Q 23 = 1.0 p.u. For scenario 1, only frequency control strategy is implemented, whereas both frequency and voltage control strategies are enabled simultaneously for scenario 2. The sampling time used for frequency and voltage control schemes is δ = 0.1s. For simplicity and without the loss of generality, we assume in the second scenario, the SVC utilized in this study possesses the capability of providing sufficient reactive power to the bus-bar to which it is connected, in order to maintain the voltage magnitude. Note that for the purpose of this study, the aspects of SVC-related costing and location optimization are omitted, which though are important concerns in practical situations.
IV. CASE STUDY AND NUMERICAL RESULTS

This section is
A. FREQUENCY CONTROL
The general state space equation f (x, u) in (1) is formed by the power system equations that have been discussed briefly in Section III. Term x is the state vector comprised of all dynamic states of the power system, while u represents the control signal vector produced by the proposed SMC scheme. The output state vector z in (1) T . The control schemes are designed to make these generator bus-bar frequencies as close as the synchronous rotational speed ω s , i.e., c 0 = ω s in the proposed SMC description. The purpose of implementing the control strategy in all 3 areas is to regulate their tie-line power during faulty operating conditions. For PI control method, parameters g and L in equations (18) and (19) become 7, 13, 14 and 1, 2, 3 respectively. The total import/export power of areas, based on the configuration of the test system, are obtained as below,
TABLE 1 shows the parameters used for PI and SMC frequency regulation strategies. As all generators share the same dynamical characteristics, only ω 7 and the control signal produced by SMC are demonstrated and discussed. Due to the complexity of the test system in question, additional operations are required for the SMC-based valve based frequency regulation strategy. When the sudden decreased/increased active power load demand occurs, Assumption 1 may not hold for all time t and thus t 1 and t 2 must be found. Suppose at time t = δp, p being positive integer, and the control signal C gov s7 (δp) = C m . If ω 7 (δ(p + 1)) < ω 7 (δp), which means Assumption 1 is NOT satisfied and the system is under large disturbance, then control signal C gov s7 (δ(p + 1)) remains to be C m . If ω 7 (δ(p+1)) > ω 7 (δp), which indicates Assumption 1 is satisfied, then we mark δ(p) to be t 1 and C gov s7 (δ(p+1)) is subject to the SMC logic as discussed in Section II. The Assumption 1 is then satisfied for consecutively increasing time steps until t = δq, q > p being positive integer, when Assumption 1 does not hold, then we mark δ(q − 1) to be t 2 . One can deduce a similar procedure for when the control signal equals its upper limit C M . Figs. 5 (A) and (G) demonstrate the different frequency regulation performances of different controllers in comparison to the system response. During the electrical faults, it is obvious that the system fails to maintain ω 7 at a constant frequency ω s without any control strategies. Both proposed PI and SMC based valve position control schemes are capable of regulating the frequency during the fault and managing to bring ω 7 back to its nominal value. Moreover, one can tell from Figs. 5 (A) and (G) that the proposed SMC control strategy has a faster response time than the devised PI control. On the SMC front, from the zoomed-in version of the figures, Fig. 5 (B) and (H), one can tell that ω 7 produced by the original SMC control strategy inherently bears a number of oscillations and thus a dechattering method introduced in Section II is implemented, which has shown significant reduction in the fluctuations. Fig. 5 (F) and (L) show respectively the control signal produced by the SMC logic without and with dechattering scheme in scenario 2 from t = 0s to t = 80s. Control signals in scenario 1 is not VOLUME 5, 2017 shown due to lack of space. It is clear that the control signal of the original SMC never settles unless being manually reset. This characteristic dramatically increases the cost of the mechanism and also reduce the lifetime of the valve as it is inadvisable to change the valve position endlessly.
In comparison, the control signal generated by SMC logic with the proposed dechattering method, settles at (C m + C M )/2, which improves the frequency stability, reduces unnecessary switchings and thus prolongs the lifespans of the machines.
As mentioned before, tie-line power variations are also considered in this study for the purpose of economic operations of the power system. Tie-line power changes indicate the amount of power that deviates from the scheduled active power obligation of an area. Fig. 5 (C), (D) , (E), (I), (J) and (K) show the tie-line power deviations for 3 areas in two scenarios. It can be noticed that all control strategies can settle P tlp1 , P tlp2 P tlp3 to zero over time. It can also be seen that the dechattered SMC is able to mitigate the fluctuations brought about by the original SMC. This has indicated that the proposed controllers can satisfy the criteria of economic operations in the power system and maintain the total import/export active power of an area to its scheduled level.
B. VOLTAGE CONTROL
As discussed in Section III, the voltage regulation is achieved by using SVC with proposed control schemes. The SVC is connected to bus 23 where the voltage control strategy and frequency control strategy are implemented simultaneously, see Fig. 4 . Hence, term m in the SVC control scheme becomes 23. The parameters used in both PI and SMC in SVC control methods are given in TABLE 2. It is obvious that under normal operating conditions, when C SVC s23 = C m , according to equation (21), firing angle α SVC 23 increases, which results in an increased positive B SVC eq . A positively increasing equivalent susceptance indicates a more capacitive characteristic of the SVC system, which supplies more reactive power to the bus-bar. This leads to reactive power surplus and thus voltage rise. Hence, Assumption 1 is satisfied for certain time periods. Similar ratiocination can be used for the scenario when C SVC s23 = C M and one can easily deduce that Assumption 1 is also met. Same SMC logics used for frequency control are also applied here to the control of voltage magnitude. Fig. 6 demonstrates the voltage regulation performances of proposed PI, original SMC and dechattered SMC. One can notice that the original SMC scheme is able to regulate the voltage to around its nominal value with incessant oscillations, which results from the intrinsic characteristics of SMC. In comparison, the improved SMC with dechattering method has displayed significant fluctuation mitigation effects. Fig. 7(A) shows the firing angle of SVC with three proposed control strategies. One can easily tell that the proposed SMC and PI control schemes tend to share the same final value of the firing angle, but SMC has a slightly faster response and settling time. Furthermore, the original SMC again bears incessant oscillations and unnecessary switchings, see Fig. 7 (B) . The dechattered SMC, on the other hand, only shows a noticeable number of switchings during the settling process, which gradually disappear as the firing angle and control signal settle to their steady values, see Fig. 7(C). Fig. 8 illustrates the changes of the equivalent susceptance and reactive power of SVC. When the increased reactive power load demand occurs, deficit in reactive power starts to appear at the bus-bar, whose voltage thus begins to decrease. Proposed controllers increase the the firing angle to generate a capacitive equivalent susceptance to provide power to the bus-bar which compensates the deficiency in reactive power generation. In the simulation results, the reactive power shown in Fig. 8 always has negative value, which indicates that reactive power is being supplied to the bus-bar. When the reactive power demand is met, the bus-bar voltage returns to and stays at its nominal value.
From the above simulation and analysis, we may conclude that the proposed improved SMC scheme is able to provide effective voltage support and can generate better control performances than the proposed PI controller. Also the dechattered SMC is capable of suppressing the oscillations brought by the original SMC and reducing unnecessary switchings.
V. CONCLUSION
Through extensive simulations and analysis, the proposed SMC strategy has been proven to be capable of providing effective frequency and voltage regulations for complex power systems during electrical faults using frequency and voltage control schemes. The proposed dechattering method can mitigate the fluctuations generated by the original SMC and enhance the control performances. By comparison, the proposed sliding mode control strategy has shown a faster response and settling time than the proposed PI controllers with comparable final steady levels. Future work may involve further tuning of the SMC parameters and control signal manipulations so as to broaden the spectrum of applications of the proposed SMC. VOLUME 5, 2017 
